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Abstract
The tremendous potential of chemical exchange saturation transfer (CEST)
agents as an emerging class of magnetic resonance imaging contrast media has
been demonstrated in recent years. In a CEST experiment, a high CEST contrast
is always welcome. However, when the exchange rate is low, which may happen
in exchangeable solute protons of low concentration, it is usually hard to obtain
an excellent CEST efficiency. Recently, we noted that the intermolecular
multiple quantum coherence signal is more sensitive to the changes of the
magnetization magnitude than a conventional single quantum coherence signal.
Consequently, it may be easier when used in obtaining a CEST contrast.
In this note, a modified COSY (two-dimensional correlated spectroscopy)
revamped with an asymmetric Z-gradient echo detection (CRAZED) sequence
combined with an off-resonance saturation pulse followed by a standard
spin-echo imaging sequence was designed to obtain a better CEST contrast
image based on the intermolecular double quantum coherence method. An
analytical expression was derived from a dipolar field theory. Experiments
were performed on an agar–glucose phantom, and the results demonstrate the
feasibility of our method.
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1. Introduction
The chemical exchange saturation transfer (CEST) agents used in magnetic resonance
imaging (MRI) provide a unique contrast mechanism through the magnetization transfer (MT)
between exchangeable solute protons and bulk water protons. Balaban and his colleagues first
demonstrated the possibility of CEST imaging in 1990. In this technique, radio-frequency (RF)
saturation is transferred from exchangeable solute protons to water, resulting in a reduction
of the water magnetization. Since these agents are sensitive to tissue characteristics such as
pH, temperature and concentration of the exchangeable protons, they have become of special
interest recently for monitoring pH, detection of metabolites and imaging of mobile proteins
and peptides (Ward and Balaban 2000, Aime et al 2002, Zhou and van Zijl 2006). Several
promising research directions have been proposed, including CEST on polymers (Goffeney
et al 2001), paramagnetic chemical exchange saturation transfer (PARACEST) (Zhang et al
2003) and in vivo amide proton transfer (APT) (Zhou et al 2003). Recently, van Zijl and
co-workers (2007) have utilized the CEST technique to detect glycogen as an alternative to
13C magnetic resonance spectroscopy (MRS) in vivo, demonstrating the tremendous potential
of CEST in human studies.
For a CEST experiment, an excellent CEST efficiency is of most importance and interest.
However, in the situation that the concentration of the exchangeable solute proton is too low,
it is usually hard to obtain a desired contrast, even with a strong saturation irradiation (Sun
et al 2005). In our recent study of the CEST effect with an intermolecular double quantum
coherence (iDQC) signal (Zhang et al 2007), we noted that an enhanced CEST contrast can
be obtained with iDQC signals. Recently, Eliav and co-workers (2008) also confirmed the
possibility of the intermolecular multiple quantum coherence (iMQC) method in improving
the MT effect and predicted a similar effect in CEST. The iMQC is an interesting phenomenon
in liquid NMR of highly polarized systems, first reported by Warren and coworkers in liquid
samples (1993) and later detected with a clinical MR system in vivo by Bifione and co-
workers (1998). In the past decades, iMQC has become an important research field in
NMR. The iMQC signal is originating from the intermolecular distant dipolar interactions.
Their special characteristics, such as unique relaxation and diffusion properties, effective
dipolar correlated distance, have been explored during the past years (such as Lee et al 1996,
Chen et al 2001, Chen and Zhong 2001, Zhong et al 2001, Barros et al 2006). Studies of
these effects have evolved from a curiosity to a range of applications in imaging and high-
resolution spectroscopy, including contrast enhancement in MRI (Warren et al 1998, Zheng
et al 2005), measurements of local magnetization or magnetization structure (Bouchard et al
2002), suppression of inhomogeneous broadening (Chen et al 2004). In this paper, we will
analyze the enhanced CEST contrast in the iMQC method in comparison to the SQC method
quantitatively.
2. Theoretical formulations
2.1. CEST process in a two-site exchange model
A two-site exchange system is the most popular model for studying the exchange processes.
It can be described symbolically by I
kIS−−−−−−→←−−−−−−
kSI
S, where S is a small pool for water-
exchangeable solute protons, I is a large pool of bulk water protons, kIS is the exchange
rate from the pool I to S and kSI is the exchange rate from the pool S to I. Assume that the RF
field is applied along the x-direction in the rotating frame, the corresponding Bloch equations
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modified with exchange terms can be expressed as
d
dt
MSx = −ωSMSy −
1
T S2
MSx − kSIMSx + kISMIx ,
d
dt
MSy = −ωSMSx + ω1MSz −
1
T S2
MSy − kSIMSy + kSIMIy ,
d
dt





) − kSIMSz + kISMIz ,
d
dt
MIx = −ωIMIy −
1
T I2
MIx − kISMIx + kSIMSx ,
d
dt
MIy = −ωIMIx + ω1MIz −
1
T I2
MIy − kISMIy + kSIMSy ,
d
dt





) − kISMIz + kSIMSz ,
(1)
where ωS and ωI are the chemical shift offsets of S and I, respectively, ω1 is the RF power,
MS0 and M
I




2 are the transverse relaxation time
of I and S, respectively, while T I1 and T
S
1 are the longitudinal relaxation time of I and S,
respectively. The total solutions of the above equations are rather complex. In this paper,
we are only interested in the final z-direction magnetization of the bulk water protons I after
saturation transfer process. Therefore, only the longitudinal magnetizations need to be taken
into account during the saturation transfer process. In this process, the residual transverse
magnetization of the exchangeable solute protons is quite small, so that when considering
the transfer process the influence of this residual transverse magnetization to the longitudinal
magnetization can be neglected, as a result equation (1) can be simplified to
d
dt
mSz = −rsmSz + kISMIz ,
d
dt
mIz = −rImIz + kSIMSz , (2)
where mSz = MSz − MS0 ,mIz = MIz − MI0 , rI = 1
/
T I1 + kIS and rS = 1
/
T S1 + kSI .
Since the saturation rate of the bulk water is mostly determined by T I1 and kIS , and the
value of T I1 is usually of the order of second, when a off-resonance saturation pulse is only
applied to the pool S, it can be assumed that the bulk water magnetization would remain
unchanged during the short time of saturation when kIS is slow (kIS  T I1 , which happens in
most in vivo applications). As Zhou et al (2004) pointed out with the weak saturation pulse
approximation (which satisfies most of the CEST cases), the process of saturation transfer
can approximately be separated into two steps: the saturation of the pool S and the transfer
process of saturation to I. If the pool S is completely isolated, the saturation process would be
completed in tens of milliseconds. Assuming that the pool S quickly approaches a dynamic
equilibrium state MSSE = MS0 σ (σ is the saturation efficiency factor, which is a complex
function of saturation power, relaxation rate and exchange rate), and then considering the
transfer process from S to I, we get
d
dt
mIz = −rImIz + kSIMSSE. (3)
According to equation (3), the bulk water magnetization after a transfer time tsat can be
expressed as





(1 − e−rI tsat), (4)
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Figure 1. The pulse sequences used to study conventional SQC CEST MRI (a) and iDQC CEST
MRI experiments (b). Related parameters are defined in the text.
where tsat is the applied RF saturation time and t0 is the initial mixing time. Using the weak
pulse approximation, we have MIz (t0) = MI0 , and then mIz(t0) = 0. As a result, equation (4)






(1 − e−rI tsat). (5)
Therefore, the final longitudinal magnetization of bulk water I after saturation transfer can be
expressed by





(1 − e−rI tsat). (6)
2.2. The CEST effect in iMQCs
A modified COSY revamped with asymmetric Z-gradient echo detection (CRAZED) sequence
(Warren et al 1993) followed by a standard spin-echo imaging sequence was used to study
the CEST effect with the iMQC method as depicted in figure 1(b). The iDQC signal was
generated before the spin-echo sequence. For simplicity and clarity, the classical dipolar
field description (Jeener et al 1995) was employed for theoretical description. Shortly after
the off-resonance saturation pulse, the remained magnetization of the I pool is given by
equation (6). For the observed frequency offset were set to the bulk water resonance, I, hence
in the following deduction its observed chemical shift was zero.
After the subsequent α pulse in the x-direction, a part of the z-direction magnetization is




) = MIz (tsat) cos αz − MIz (tsat) sin αy. (7)
During the following period τ , the transverse magnetization evolves under the effects of the z-
gradient and of the chemical frequency offset. When the relaxation is also taken into account,
it becomes
MI(tsat, τ ) =
{[






−MIz (tsat) sin α cos(γGδ) e−τ/T
I
2 y + MIz (tsat) sin α sin(γGδ) e−τ/T
I
2 x. (8)
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The β pulse then transfers part of the transverse magnetization modulated by the first z-gradient
to the longitudinal direction, and thus the magnetization just after the β pulse can be expressed
as
MI(tsat, τ ) =
{[






(cos βz − sin βy)
−MIz (tsat) sin α cos(γGδ) cos β e−τ/T
I
2 y
−MIz (tsat) sin α cos(γGδ) sin β e−τ/T
I
2 z
+ MIz (tsat) sin α sin(γGδ) e
−τ/T I2 x. (9)
Since only the modulated z-direction magnetization can give rise to an effective dipolar field
Bd = µ0Mz = −µ0MIz (tsat) sin α cos(γGδ) sin β e−τ/T
I
2 , the unmodulated component of
the z-direction magnetization will be neglected. The unmodulated transverse components
would be dephased by the second correlated gradient and become the high-order terms that
can hardly be observed, so in the following discussion these parts will also be discarded.
We cannot expect pure intermolecular zero quantum coherence (iZQC) signal (n = 0) and
intermolecular single-quantum coherence (iSQC) signal (n = 1) from this sequence, as it is
very ineffective in eliminating the strong residual SQC signals in these two cases via phase
cycling. Therefore only the case of n > 1 is considered here. During the detecting period, the
modulated transverse components evolve under the effects of dipolar field Bd and the second
correlation gradient. Similar to the treatments Warren (1993) used, where the properties of
the Bessel functions were employed, the final observable transverse magnetization becomes
MIobs(tsat, τ, t2) = i−(n+1)
MIz (tsat)
n
2n(n − 1)! sin
n α sinn−1 β(1 − cos β)(γµ0t2)n−1 enτ/T I2 e−t2/T I2 .
(10)
Here only the CEST effects on the observed signal are considered. When the relaxation effects




2n(n − 1)! sin
n α sinn−1 β(1 − cos β). (11)
It is shown in equation (11) that the intensity of iMQC is proportional to MIz (tsat)
n, which
is different from conventional SQC whose signal intensity is proportional to MIz (tsat). It is
due to this unique property that more sensitive contrast may be achieved in CEST MRI. From
equation (11), we can find easily that iDQC (n = 2) has the strongest signal intensity among














(1 − e−rI tsat)
]2
sin2 α sin β(1 − cos β). (12)
Equation (12) clearly shows that the final observed iDQC signal is mainly affected by these
experimental factors: exchange rate kSI , saturation duration time tsat, saturation efficiency
factor σ (which is hidden in MSSE) and the flip angles of pulses α and β. With the optimal flip
angles α = π/2 and β= 2π/3, the maximum iDQC signal has the following relation to the













(1 − e−rI tsat)
]2
. (13)








(1 − e−rI tsat)
]
. (14)
Equations (13) and (14) provide analytical expressions of the spin I signals related to CEST.
Equation (13) suggests that the signal due to the iDQC CEST follows the relationship,[




(1 − e−rI tsat)]2, while the signal due to the conventional CEST follows the
relationship
[




(1 − e−rI tsat)]. Therefore, it is possible to investigate contrast
enhancement in iDQC CEST MRI from the two equations.
3. Experiments and materials
All measurements were carried out on a 500 MHz Varian spectrometer equipped with a
5 mm indirect detection probe, which has a self-shielded x, y, z gradient coil. Two sequences
were used in this study. One is the basic sequence used for CEST MRI study as depicted in
figure 1(a), the other is used for iDQC CEST MRI study as depicted in figure 1(b), which
is a modified CRAZED sequence followed by a standard spin-echo imaging sequence. Agar
gel is often used to simulate biological tissues, for their similar T2  T1 values. In our
case, a phantom was made from water-based agarose gel with two tubes of different internal
diameters. The inner tube was filled with 2% (w/v) agar gel and 0.1 mol glucose and the outer
one was filled with 2% agar gel. The measured out T2 and T1 for bulk water were about 40 ms
and 2.3 s, respectively. Four trains of 50, 100, 200, 400 Gaussian pulses were used to obtain
different saturation transfer efficiencies, respectively. Each Gaussian pulse had duration of
6.5 ms, delay of 3.5 ms, flip angle 180◦ and RF power ≈190 Hz. Consequently, the total
saturation durations of these four trains are 0.5 s, 1 s, 2 s and 4 s, respectively. The interval
τ between α and β pulses was 3 ms. A pair of asymmetric z-gradients (G = 0.1 T m−1 and
δ = 2 ms) were used for the coherence selection. A pair of spoil gradients were used with a
strength of G′ = 0.2 T m−1 and a duration of δ′ = 1 ms. Other major MRI parameters were
defined as: FOV = 5 × 5 mm, matrix size = 64 × 64, slice thickness = 4 mm, TR = 5 s,
TE = 40 ms. The receiver gain was fixed during all experiments for the valid comparisons of
the image intensities obtained with different parameters. A four-step phase-cycling scheme of
the α pulse (x, −x, y, −y) and receiver (x, x, −x, −x) was employed to suppress the residual
conventional SQC signals and other undesired echoes from unselected coherence pathways
(Charles-Edwards et al 2004).
A z-spectrum is usually recorded in evaluating CEST efficiency. In this paper, a
conventional z-spectrum was obtained by a saturation pulse with a variable frequency offset
followed by an excitation pulse, while the iDQC z-spectrum was obtained by a saturation
pulse with a variable frequency offset followed by the iDQC sequence.
4. Results and discussion
z-spectra normalized to their maximum signal are depicted in figure 2. The chemical transfers
at about 1.3 ppm were investigated. It is clearly shown in figure 2 that the efficiency of the
CEST from an iDQC signal was higher than that from the conventional SQC signal. For
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Figure 2. z-spectra of conventional SQC and iDQC CEST experiments.
example, the iDQC z-spectrum obtained with a saturation transfer pulse of 2 s duration (200
Gaussian pulses) demonstrates higher CEST efficiency than the conventional SQC z-spectrum
with a 4 s saturation transfer pulse.
The saturation pulse was applied 1.3 ppm away from the bulk water resonance to obtain
a CEST effect in the MRI experiments. In theory, to investigate the off-resonance effects,
the saturation at −1.3 ppm should be taken into account as well. Grayscale images from
iDQC CEST MRI and conventional SQC CEST MRI experiments were shown in figure 3.
For convenient comparison, the maximum intensity level of each image was set to 255. By
comparing iDQC images with SQC images, it is obvious that an enhanced contrast was obtained
with the iDQC method. For example, the signal difference generated by applying 2 s saturation
duration with the iDQC method was even larger than that generated by applying 4 s saturation
duration with the conventional SQC method. It indicates clearly that the iDQC method is
more sensitive in obtaining contrast than the conventional SQC method. Therefore, it may be
more suitable for studying the CEST effect especially in low-concentration exchangeable solute
proton systems. For quantitative study, two ROIs were selected, as shown in figure 3(a1).
The outer region was defined as I and the inner region was defined as II. In a CEST experiment,
saturation rate rI and exchange rate kIS are the two most important parameters. In our case,
these two parameters were analyzed from ROI II. Fitting curves of saturation rate rI from
iDQC CEST experiments and SQC CEST experiments are shown together in figure 4. iDQC
CEST curves of figures 3(a1)–(a4) were fitted with equation (13), while SQC CEST curves
of figures 3(d1)–(d4) were fitted with equation (14). For better fitting, images with no CEST
effect (shown in figures 3(b1) and 3(e1)) were added to both experimental data, respectively.
Absolute intensity mode was used to show the signal difference between conventional SQC
experiments and iDQC experiments. It is clear, with four-step phase cycling the observed
signal intensity of iDQC is about 25% of that of SQC, consequently when only one scan was
used this value is only about 12% of that of SQC. Saturation rate rI fitted from iDQC data was
0.47 ± 0.01 s−1, while that from SQC was 0.46 ± 0.01 s−1. These two results were quite close,
indicating the validity of our method. Conventional longitudinal relaxation rate RI = 1/T I1
was measured with an inversion recovery (IR) sequence to be 0.43 ± 0.01 s−1, from which the
exchange rate kIS was found to be about 0.03–0.04 s−1. ROIs were analyzed with ImageJ-1.34S
software, a public-domain image-processing package (http://rsb.info.nih.gov/ij/).
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Figure 3. Images of the MRI experiments described in the text. From left to right the four images
correspond to the total saturation time of 0.5 s, 1 s, 2 s and 4 s, respectively. (a1)–(c4) are the
iDQC images and (d1)–(f4) are the conventional SQC images. Images (a1)–(a4) and (d1)–(d4)
are the CEST images when the CEST effect is ‘on’, with saturation irradiation at 1.3 ppm away
from water resonance; (b1)–(b4) and (e1)–(e4) are the images when the CEST effect is ‘off ’,
with saturation irradiation at −1.3 ppm away from water resonance; (c1)–(c4) and (f1)–(f4) are
the difference images of these ‘on’ and ‘off ’ images, respectively. These images show that an
enhanced contrast is obtained via the iDQC method.
Different from the conventional SQC for which the observed FID intensity monotonically
decays due to transverse relaxation, the iMQC is modulated by Bessel functions, hence its
observed FID intensity first grows from zero to a maximum value and then decays to zero.
The dipolar demagnetizing time τd = 1/γµ0M0 is defined to describe this property. For an
iDQC signal, the maximum signal appears near 2.2τd , when attenuation of the signal due
to transverse relaxation can be ignored. For example, τd for pure water is about 80 ms,
and its maximum iDQC FID signal appears when acquisition time t2 is near 170 ms. From
equation (13), we also note that the maximum intensity of the obtained iDQC signal is about
33% of the conventional SQC signal. However, this maximum is hardly achieved in practice,
because in most cases the influences of transverse relaxation and diffusion cannot be neglected.
The observed iDQC signal drops to a few percent of the full equilibrium magnetization when
these effects are considered (Zhong et al 2000). Signal enhancement is an important area in
iMQC study (Branca et al 2007, Barros et al 2007).
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Figure 4. Fitting curves of saturation rate rI, analyzed from ROI II.
5. Conclusion
In this work, a CEST imaging technique based on iDQC was proposed. Quantitative
investigations were performed in glucose agarose-gel phantoms. Experimental results
demonstrate that, in CEST MRI, iDQC signal is more sensitive to RF saturation than the
conventional SQC signal. Consequently, the method is expected to facilitate the study of
the CEST effect in the system with exchangeable protons of low concentrations. However,
compared to SQC, the intrinsic low SNR of iMQC poses limitation for its applications in
biological tissues, most likely constrained to the cases where the noise level is not a limiting
factor.
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